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A B S T R A C T   
The structural challenges faced by eukaryotic cells through the cell cycle are key for understanding cell viability 
and proliferation. We tested the hypothesis that the biosynthesis of structural lipids is linked to the cell cycle. If 
true, this would suggest that the cell’s structure is important for progress through and perhaps even control of the 
cell cycle. Lipidomics (31P NMR and MS), proteomics (Western immunoblotting) and transcriptomics (RT-qPCR) 
techniques were used to profile the lipid fraction and characterise aspects of its metabolism at seven stages of the 
cell cycle of the model eukaryote, Desmodesmus quadricauda. We found considerable, transient increases in the 
abundance of phosphatidylethanolamine during the G1 phase (+35%, ethanolamine phosphate cytidylyl-
transferase increased 2⋅5×) and phosphatidylglycerol (+100%, phosphatidylglycerol synthase increased 22×) 
over the G1/pre-replication phase boundary. The relative abundance of phosphatidylcholine fell by ~35% during 
the G1. N-Methyl transferases for the conversion of phosphatidylethanolamine into phosphatidylcholine were not 
found in the de novo transcriptome profile, though a choline phosphate transferase was found, suggesting that the 
Kennedy pathway is the principal route for the synthesis of PC. The fatty acid profiles of the four most abundant 
lipids suggested that these lipids were not generally converted between one another. This study shows for the 
first time that there are considerable changes in the biosynthesis of the three most abundant phospholipid classes 
in the normal cell cycle of D. quadricauda, by margins large enough to elicit changes to the physical properties of 
membranes.   
1. Introduction 
The processes governing control of the cell cycle in eukaryotic or-
ganisms have been researched and characterised in considerable depth 
over the last half-century. This work has shown that checkpoints and the 
expression and degradation of cyclins and cyclin-dependent kinases are 
important in controlling progress through the cell cycle in fungi and 
metazoans [1–3]. Similar mechanisms and homologous proteins were 
subsequently found in plants [4–6]. However, successful completion of 
the cell cycle also presents a number of structural challenges. The 
plasma and compartment membranes must expand and undergo 
topological remodelling during the cell cycle, whilst maintaining 
biochemical and barrier functions. The correct components of the 
daughter cells and their spatial arrangement must be organised. Finally, 
lipid membranes must be divided so that two or more viable daughter 
cells are produced. Interruption in the functions of the membrane, mis- 
timed membrane lysis or incorrect spatial distribution of cell compo-
nents all represent perilous threats to cell survival that must be avoided 
for a cell to be viable. 
The success of the cell cycle across countless species indicates that 
the factors that affect membrane behaviour, shape and size are under 
careful control through repeated cycles of cell division. This is also 
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supported by recent reports about the structural integrity of cells 
through growth and division. Evidence for checkpoints that couple the 
structural integrity of the plasma membrane to DNA synthesis in 
eukaryotic cells is beginning to emerge [7]. Control of division through 
cell size has also received attention in single-cell organisms such as yeast 
[8], and prokaryotes [9,10] but also in green algae [11,12]. This work is 
particularly interesting in the light of evidence for the modulation of the 
composition of structural lipids in prokaryotes through their cell cycle, 
leading to composition-driven changes to the physical properties of 
those membranes [13,14]. Studies of lipids in the cell cycle of eukary-
otes have begun, using budding yeast [15] and HeLa cells [16]. The 
changes in the topology of the cell envelope of prokaryotes and their 
change in lipid composition [14] are consistent with the wealth of evi-
dence that lipid composition has an important influence on the geometry 
of the structures formed [17–22]. Further work is required to charac-
terise the more nuanced changes in eukaryotes. 
This evidence therefore indicates that lipids have a considerable role 
in determining membrane behaviour and thus cell structure. Taken with 
the importance of structural integrity for cell viability, this raises 
questions about how membrane systems are managed through the cell 
cycle. One suggestion is that the composition of lipid membranes is 
remodelled to minimise the free energy costs of changing their shape 
through the cell cycle [16]. This is consistent with the increasing real-
isation of the importance of lipids to in the biology of the cell cycle, and 
also the need for additional experimental approaches to understanding 
the structure of eukaryotes through their cell cycle [23]. This led us to 
the hypothesis that the biosynthesis of structural lipids is linked to the 
cell cycle. 
To test this hypothesis, we elected to use a model organism that has a 
well-characterised cell cycle, shows the structural challenges through 
the eukaryotic cell cycle as clearly as possible and comprises typical 
eukaryotic lipids. We also wanted to be able to collect samples of cells at 
different stages of the cell cycle without introducing artefacts associated 
with the drugs needed to synchronise cell cultures. All of these condi-
tions were met by Desmodesmus quadricauda. This organism undergoes 
multiple fission producing eight daughter cells in one cell cycle (Fig. 1). 
Multiple fission is common in green algae, with some species dividing 
into up to 32 daughter cells in one mitosis [24,25]. Cell division in 
D. quadricauda is also timed carefully as this photosynthetic species 
preferentially undergoes cytokinesis when there is insufficient light for 
the light-dependent part of photosynthesis. Thus, cultures can be 
synchronised through light and dark periods without the need for drug- 
based inhibition of DNA synthesis [26,27]. D. quadricauda is also a good 
model for other eukaryotic cell types as it comprises similar lipids to 
most eukaryotes [16,28,29]. 
We cultivated populations of D. quadricauda, synchronised them and 
extracted the lipid fraction at defined points in the cell cycle. We 
developed a novel method for preparing cells that is compatible with 
established procedures for extracting lipids from biological samples 
[14,30,31]. Lipid class abundance was measured using 31P Nuclear 
Magnetic Resonance Spectroscopy (NMR) and the fatty acid composi-
tion of lipid class members determined using high resolution mass 
spectrometry (HRMS). The latter was used to identify the lipid isoforms 
present, i.e. the total number of carbons and number of olefin bonds in 
the fatty acids. We assembled a de novo transcriptome of D. quadricauda 
to identify homologues of genes involved in cell cycle regulation and 
lipid metabolism. Finally, we used a combination of the reverse- 
transcription quantitative polymerase chain reaction (RT-qPCR) and 
Immunoblotting to determine the mRNA and protein abundance of pu-
tative enzymes involved in lipid biosynthesis. 
It was important to test this hypothesis because the physical integrity 
of cells through the cell cycle is a fundamental part of cell viability, but 
the control of the physical process is relatively poorly understood. Un-
derstanding how the structure of cells fail is of interest in controlling cell 
growth, either to hinder it (antibiotics, anti-tumour compounds) or to 
promote it (tissue regeneration). The processes that exist in evolved 
systems also have implications for preparations of artificial cells and for 
nanotechnology. 
2. Results 
In order to test the hypothesis that lipid biosynthesis is linked to the 
eukaryotic cell cycle, we profiled the abundance of structural lipid 
classes through the cell cycle alongside a formal characterisation of 
growth and of the cell cycle (Fig. 2, timing of sample collection shown in 
Fig. 1. Diagram illustrating cell cycle pattern in synchronised chlorococcal alga 
Desmodesmus quadricauda grown under present experimental conditions (A). 
The three horizontal strips illustrate the simultaneous course of different phases 
from three consecutive sequences of growth and reproductive events. The in-
dividual sequences during which growth and reproductive processes lead to 
duplication of cell structures occur within one cell cycle. The cells divide into 
eight daughter cells connected in one coenobium. Designation of phases and 
events: G1, a pre-commitment phase, during which the threshold size of the 
cell is attained and completed by attainment of the commitment point. CP: 
commitment point, the stage at which the cell becomes committed to trig-
gering and terminating of the sequence of processes leading to the duplication 
of reproductive structures (post-commitment period), which consists of: pS: 
the pre-replication phase between the commitment point and the beginning of 
DNA replication. The processes required for the initiation of DNA replication 
are assumed to happen during this phase. This phase is designated as late G1 
phase in mammalian cells. S: the phase during which DNA replication takes 
place. G2: the phase between the termination of DNA replication and the start of 
mitosis. Processes leading to the initiation of mitosis are assumed to take place 
during this phase. M: the phase during which nuclear division occurs. G3: the 
phase between nuclear division and cell division. The processes leading to 
cellular division are assumed to take place during this phase. C: cytokinesis, the 
phase during which protoplast fission and forming of daughter cells is per-
formed. Schematic pictures of cells indicate their size changes during the cell 
cycle and the black spots inside illustrate the size and number of nuclei. The size 
of the black spots indicates DNA level per nucleus. Time courses of individual 
commitment points, nuclear division, protoplast fission and daughter cell 
release (B) in the experimental cultures used in this work (n = 6). Blue lines: 
cumulative percentage of the cells, which attained the commitment point for 
the first (circles), second (squares) and third (triangles) reproductive sequences, 
respectively; red lines: cumulative percentage of the cells, in which the first 
(circles), second (squares), and third (triangles) nuclear divisions were termi-
nated; green lines: cumulative percentage of cells, in which the first (circles), 
second (squares) and third (triangles) cell divisions were terminated, respec-
tively; black line, empty diamonds: percentage of the cells that released 
daughter coenobia. Light (15 h) and dark periods (9 h) are marked by stripes 
above panels and separated by vertical lines. The lines represent the means of at 
least six independent experiments. The raw values are plotted as dots and the 
line connects the mean values of the experiments. All values were calculated 
per parental cell, even after their division (17:00 to 22:00 h). Vertical dashed 
lines with arrows indicate time of sampling for lipidomics. 
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Table 1). The growth characterisation was done through the cell volume 
and mass of RNA per cell, while that of cell cycle was done through 
monitoring DNA replication (DNA mass) and nuclear divisions (number 
of nuclei) per cell. As expected under given growth conditions, the cells 
increased their volume about eight-fold, which was accompanied by 
increase in mass of major macromolecules such as RNA (Fig. 2). 
Concomitant with cell growth, the cells entered three sequences of DNA 
replication sequentially, nuclear and cellular division leading to division 
into eight-celled daughter coenobia (Fig. 2). We developed novel pro-
cedures for handling cultures for lipidomics as established procedures 
for handling this cell type for proteomics were not suitable for handling 
the lipid fraction. The lipids were extracted (n = 6 biological replicates) 
in a similar manner to previous work [14,30–32]. Phosphorus (31P) 
NMR was then used to measure the relative abundance of lipid classes 
[30,31]. 
Quantitative data of lipid abundance was collected using 31P NMR of 
samples at each collection point (Table 2). The lipid fraction was 
dominated by four lipid classes through the cell cycle: phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) 
and phosphatidylglycerol (PG). They make up over 95% of the phos-
pholipid fraction between them (Fig. 3). These lipidomics results sug-
gested that the relative abundance of at least three of the four major 
phospholipids was modulated through the cell cycle (Fig. 4). An ANOVA 
of these results showed that F was larger than Fcrit for PC, PE and PG but 
not PI (Table 2). This led us to do a post hoc analysis to determine which 
collection points were associated with what changes in lipid biosyn-
thesis (Fig. 3) and to plot these with respect to the cell cycle (Fig. 4). We 
then analysed the relationship between lipid biosynthesis and the cell 
cycle through particular phases, as well as throughout the whole cycle. 
These are described in order. 
2.1. Lipid remodelling in G1 
The relative abundance of PC falls by a third in the G1 phase (Fig. 3, 
Table S1). However, during this phase, the cell volume increases by a 
factor of ~2⋅5 (Fig. 2), suggesting that the overall mass of phospholipid 
in a cell increased by around the same factor. This suggests that the 
biosynthesis of PC does not occur at the same rate as cell growth. We 
therefore investigated the control of the biosynthesis of PC. There are 
two well-characterised routes for the de novo biosynthesis of PC in eu-
karyotes. One is the methylation of PE, the other is the transfer of 
choline phosphate onto a diglyceride. We assembled a de novo tran-
scriptome of D. quadricauda and then we investigated with combination 
of RT-qPCR, Immunoblotting and lipidomics techniques to determine 
which pathway was more important. 
In the assembled transcriptome, we searched for putative homo-
logues of individual enzymes involved in methylation of PE. However, 
we were unable to find phosphatidyl-N-methylethanolamine N-meth-
yltransferase (PEMT). Mass spectrometric profiling of lipids showed that 
there are a number of isoforms of PC that are without equivalent in PE 
(Fig. S3), suggesting that not all PC can come directly from PE. 
Furthermore, a large increase in the abundance of PE is not met with an 
increase of PC, suggesting that PE is not a substrate for biosynthesis of 
PC. Taken together, this suggests that PE is not generally used to make 
PC in this organism and that the two lipids are not directly linked 
metabolically. This strongly suggested that PC was produced endoge-
nously through transfer of choline rather than methylation of PE. 
The increase in the relative abundance of PE during the G1 phase 
(40%) is accompanied by a factor of eight increase in the abundance of 
mRNA and factor of 2 increase in the abundance of the protein Etha-
nolamine Phosphate cytidylyl Transferase 1 (EPT1), the enzyme that 
synthesises PE from ethanolamine phosphate and diglycerides (Fig. 5, 
Fig. S4). This showed that the synthesis of PE is based upon transfer of 
ethanolamine phosphate onto a diglyceride rather than modification of 
PC or decarboxylation of phosphatidylserine (PS, general lipid meta-
bolism shown in Fig. 6). This is therefore consistent with the results of 
the biosynthesis of PC that show that PC and PE are produced separately 
and not interconverted. 
Fig. 2. Characteristics of cell cycle progression and growth in the cultures used 
in this study: (A) Schematics of cell in the population at particular time. (B) 
Time course of cell cycle events: attainment of commitment points (curve 1, 
blue triangles △), nuclear divisions (curve 2,red triangles ▴) protoplast fissions 
(curve 3, green diamonds ◆) and daughter coenobia release (curve 4, black 
crosses þ). The values plotted here are a cumulative version of the same data 
plotted on Fig. 1 to allow direct comparison with growth events. (C) Time 
course of growth events: RNA (curve 1, blue circles ○), mean cell volume 
(curve 2, black squares □) DNA replications (curve 3, red circles ●), and 
changes in cell number (curve 4, black crosses). Horizontal solid lines indicate 
doublings of initial value, vertical dashed lines with arrows indicate the sche-
matics of a cell at given timepoint. All data of analytical analyses are presented 
as means ±SD of six experiments. Growth conditions: incident light intensity 
750 μmol m− 2 s− 1, mean light intensity 530 μmol m− 2 s− 1, continuous illumi-
nation, 2% of CO2 in aerating air, temperature 30 ◦C. 
Table 1 
The collection points of cultures through the cell cycle of Desmodesmus quad-
ricauda used in this study.  
Phase Collection time after Starting culture 
Early G1 +2 h 
Mid G1, the first CP +4 h 
Late G1, pS +6 h 
S, the second CP +8 h 
G2 +10 h 
M +13 h 
G3 +15 h  
Table 2 
An Analysis of Variance of the four most abundant lipid classes, collected at time 
points through the cell cycle of Desmodesmus quadricauda.  
ANOVA F p value 
PC 19.31905 2.23E-09 
PE 3.312389 0.011913 
PG 6.876605 9.33E-05 
PI 0.772298 0.597413 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylgly-
cerol; PI, phosphatidylinositol. Fcrit = 2399. 
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2.2. Lipid remodelling over the pS/S boundary 
There is a rapid increase in the relative abundance of PG and a 
reduction in that of PE towards the end of the pS phase and into the 
replication phase (S). This suggested that PE is biosynthesised rapidly in 
G1 before the relative abundance of PG overtakes it. We therefore tested 
the hypothesis that biosynthesis of PG relied upon PE. If true, this would 
imply that PE is moved to chloroplasts. 
A comparison of the fatty acid profile of PE and PG suggests that they 
are not closely related (Fig. S3). The fatty acid residue (FAR) profile of 
PG is more consistent with prokaryotic lipid metabolism (more satu-
rated, shorter FARs), where PE is more eukaryotic (dominated by FA 
(16:4) and unsaturated C18 FARs), Fig. S3. This is consistent with our 
understanding that the bulk of the PG fraction resides in chloroplasts (a 
prokaryotic compartment) and the bulk of PE is typically in the plasma 
membrane and eukaryotic compartments. Lastly, enzymes involved in 
converting PE to PG have not yet been reported. This led us to determine 
how the synthesis of PG is controlled with respect to the cell cycle. 
Immunoblotting revealed that the abundance of PG phosphate syn-
thase 1 (PGS1) increases by a factor of 22 from the beginning of the pS 
phase, and starts to fall back zero by the start of the cell division, pre-
ceded by chloroplast division (Fig. 5 and Fig. S4), indicating that PG is 
produced by this enzyme from cytidine diphosphate-diglyceride (CDP- 
DAG) and glycerol-3-phosphate. These data are consistent with de novo 
synthesis of PG from phosphatidic acid in chloroplasts and not from PE 
(Fig. 6). This indicates a control of the biosynthesis at pS/S boundary 
that is basedon PG and not tied to other lipids. 
2.3. Lipid remodelling in the G2, M and G3 
The abundance of scarcer lipids was modulated through Mitosis and 
G3 (Table S1). Small amounts of phosphatidic acid (PA, FAR profile in 
Table S2), PS (Table S3) and evidence of plasmalogens of PC and PE were 
found. The abundance PA is 0⋅5–1⋅0% from G1 to the end of G2, but 
increases to around 3% during mitosis. PC-plasmalogen may also in-
crease in abundance during the same period. As the cell increases in 
volume only from ~710 μm3 to ~830 μm3 (Fig. 2) during G3 and 
Mitosis, these shifts are not expected to be consistent with major 
structural changes in either eukaryotic or prokaryotic compartments. 
PE-plasmalogen and PS remain roughly constant at ~1% throughout the 
cell cycle (Table S1). Although such species have been detected before 
[33,34], it is not clear what their role is in the cell cycle, if any. 
2.4. Lipid remodelling across the whole cell cycle 
The relative abundance of PI is maintained at ~5% throughout the 
cell cycle (Fig. 3), indicating that rate of its synthesis correlates closely 
with the increase in the volume of the cell. However, the population of 
PI molecules must increase by a factor of eight through the cell cycle. 
RT-qPCR indicated that the expression of PI synthase (PIS) is constant 
through the cell cycle (Fig. 5). This implied a constant supply of PI 
relative to other phospholipids and suggests its production is separate 
from that of PG, PE and PC. Fatty acid profiling of isoforms of PI and PC 
showed that PI’s profile is not consistent with PC (Fig. S1), nor with the 
much less abundant PIPs (Fig. S2). 
This suggested first that PI and PC are not generally interconverted 
and second that there are many isoforms of PI that have non-signalling 
roles, something also observed in HeLa cells [35]. PI appears only to be 
present in the membranes of eukaryotic compartments [36], suggesting 
to be exclusively eukaryotic in origin. The FA profile of PI in 
D. quadricauda (Fig. S1) is characterised by polyunsaturated and longer 
chain configurations. These results are consistent with PI as a lipid that 
is required in small amounts throughout the cell cycle. Through HRMS 
alone, we also observed the presence of a number of known phytolipids 
and phytosterols throughout the cell cycle that have not been observed 
in this species before (Tables S4–6). 
3. Discussion 
This study was motivated by the hypothesis that the biosynthesis of 
structural lipids is linked to the cell cycle in eukaryotes. Testing this 
hypothesis provided evidence that the biosynthesis of the three most 
abundant phospholipids (PC, PE and PG) in the model used are modu-
lated through the cell cycle and linked to it. PC, PE and PG all dominate 
the overall lipid fraction at different points. This is in contrast to PI that 
does not change in relative abundance through the cell cycle. Evidence 
from MS, Western immunoblots and RT-qPCR suggests that PC, PE and 
PG, and the next most abundant, PI, are not interconverted between one 
A B


















Fig. 3. The lipid head group profile of the four most abundant lipids in D. quadricauda, determined using 31P NMR. Panel A, the abundance as a percentage of total 
phospholipid. The integral of resonance(s) assigned to each head group was calculated as a fraction of the total for that spectrum and the mean and standard de-
viation of all values taken to generate the values used. n = 6 values collected. Panel B, Ratio of lipid abundance, calculated by dividing the value for each lipid class at 
each collection point by the average throughout the cycle (shown as the log2). Collection points of cell cultures are assigned as: +2 h, early part of G1; +4 h, mid-G1 
(first CP); +6 h, end of G1 and pS; +8 h, S and second CP; +10 h, G2; +13 h, M; +15 h, G3. The presence of all lipid species was verified by HRMS/MS. Error bars 
indicate standard deviation. Asterisks indicate p-values from Student’s t-tests that fall below given thresholds; *, p < 0⋅05; **, p < 0⋅01; ***, p < 0⋅001. PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol. 
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another and are thus metabolically independent after the CDP-DAG is 
assembled. 
The evidence for independent synthesis of the four most abundant 
lipids and that three of them dominate the organism’s lipid fraction at 
different stages of the cell cycle is consistent with cell-cycle-based con-
trol of lipid biosynthesis through different pathways that are switched 
on and off appropriately, and locally. It also characterises those stages of 
the cell cycle as having a particular focus in their lipid metabolism. 
Furthermore, the change in abundance of EPT1 and PGS1, and the in-
crease in abundance of PE and PG that follow, suggests that these are the 
principal synthetases of these lipids in D. quadricauda (general lipid 
metabolisn shown in Fig. 6). The abundance of the enzymes increased 
rapidly just before the abundance of the appropriate lipid does, and then 
most of the enzyme is lost in a way that limited synthesis of those lipids, 
up to 90% in the case of EPT1. This indicated that the final step in the 
biosynthesis of those two crucial lipids occurs through only one enzyme 
each, and that the expression of both enzymes is linked to the cell cycle. 
Significant changes in PC, PE and PG—lipids that are both abundant 
and well known to have structural roles—invites questions about the 
physical role of these molecular species. Studies of lyotropic phase 
behaviour have established that PG and PC are bilayer-forming lipids 
and that the anionic PG may have an important charge-based effect [37]. 
Unlike PC and PG however, PE is a non-bilayer forming lipid that typi-
cally favours the assembly of curved lipid mesophases [17]. Recent work 
in biological systems indicated that PE is part of the control of fluidity of 
membranes in vivo [38] and has an essential role in cytokinesis in at least 
one eukaryotic cell type [39]. This suggests that an increase in the 
abundance of PE in the G1 phase represents a shift in membrane prop-
erties through this phase. PE’s propensity for forming inverse meso-
phases [17,40] suggests that more curved membranes are required as 
the cells enter from the pS to S phase. During this period, preparations 
for DNA synthesis are made but the cells do not grow as rapidly [24], 
suggesting re-organisation is more important than expansion at this 
point. This is consistent with the theory that cells remodel their lipid 
composition in order to lower the energy of the succeeding phase [16], 
as the internal structural needs of the cell change at this point. The 
precise role and distribution of PE is required to understand this more 
deeply and could be used to answer the importance of the site of 
biosynthesis in driving membrane reorganisation. 
These results are also of interest in the light of evidence that the rate 
Fig. 4. The relationship between the multiple fission cell cycle of D. quadricauda and the abundance of its principal structural lipids. Inset box and whisker plots show 
the distribution of n = 6 values collected from 31P NMR measurements for the five most abundant phospholipids, shown as the fraction of total lipid (relative 
abundance, e.g. 0⋅5 = 50%). Ordinate axes show the relative abundance as a fraction of total lipid as 1⋅0. Abscissa axes show lipid head groups. Dashed arrows 
indicate sampling times (times shown in red). Schematic representations of the DNA synthesis/nuclei in the cell shown towards the middle. Lipid abbreviations: PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol. Phases of the cell cycle: CP, commitment point; G1, first gap 
phase; G2, second gap phase; G3, third gap phase; M, Mitosis; pS, pre-synthesis phase. 
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as well as the timing of lipid biosynthesis differs between lipid classes. 
For example, it is not clear from this work that the biosynthesis of PI has 
a peak, either through the abundance of the lipid or the expression of its 
synthase (PIS). It is possible that it is produced continuously, correlating 
approximately with cell size. However, it is not clear from our data 
whether there is a mechanism that links PI synthesis to cell size or 
whether inhibiting PI synthesis would disrupt progress through the cell 
cycle through structural means. This is important because PI is also 
beginning to be recognised as a non-bilayer lipid. Studies of the lyotropic 
phase behaviour of PI have shown that it has a concentration- and time- 
dependent effect on the geometry of lipid systems, induces considerable 
inverse curvature at lower hydrations [19] and introduces defects into 
lipid bilayers [41]. PI is similar to PE in that it is also characterised by 
inverse curvature [42]. This evidence hints that a local abundance of PI 
may be able to reduce the energetic cost of membrane fission. Experi-
ments of the distribution of lipids in Chinese Hamster Ovary cells have 
shown that PE and PI-derived PIP2 must be present the cleavage furrow 
of CHO cells in order for cytokinesis to take place [39,43,44]. This 
suggests that lipids associated with inverse curvature such as PI and PE 
have a role in membrane scission. 
The increase in abundance of PG and evidence that it arises from 
prokaryotic rather than eukaryotic lipid biosynthesis is consistent with 
an expansion in the size and thus surface area of the single chloroplast at 
that point in the cell cycle. This is consistent with a link between lipid 
biosynthesis and chloroplast as the structure making up the vast ma-
jority of cell volume. The role of PG in photosynthesis is well-established 
[45]. PG’s lyotropic behaviour under physiological conditions is domi-
nated by bilayer (membrane-like) systems [21]. It is also anionic, sug-
gesting that this lipid’s synthesis is associated with an increase in 
membrane area and a change in electrostatic interactions. Despite being 
a bulk lipid, evidence that PG has a role in regulating protein orientation 
in chloroplasts is emerging [46]. PGS1 has also been found in chloro-
plasts in the alga Chlamydomonas reinhardtii [47] and in higher plants 
[48,49]. This suggests that PG has a role in chloroplast membranes in all 
plants, adding to the view of this lipid as a ubiquitous one [50]. 
The successive dominance of the abundance of PC, PE and PG lipid 
classes invites a number of questions about the membrane biophysics of 
the lipid systems in this model organism. Repeated physical studies have 
shown that even small (<5%) changes in lipid composition can have a 
profound effect on the physical behaviour of lipid systems, including 
large changes to phase transition temperatures [17,18] but are also 
capable of specifically driving the re-arrangement of membrane bilayers 
to systems with hexagonal or cubic geometry [14,20,37,51,52] (reviews 
[40,53–55]). Increases in class abundance of 30–50% in each of these 
lipid classes successively therefore represents more than enough to 
modulate the behaviour of lipid assemblies. As the organism remains 
viable throughout the cell cycle, it is natural to suggest that properties 
such as membrane curvature, stored curvature elastic stress and mem-
brane fluidity are altered by these changes, rather than the geometry of 
the lipid arrangement. However, the considerable change to the shape 
and number of compartments in the cell during the cell cycle suggests 
that changes in lipid composition could form part of this process. This 
would be consistent with the hypothesis that the cell changes its lipid 
composition to lower the energetic barrier to entering the next phase of 
the cell cycle [16]. Furthermore, work on replicating lipid systems with 
similar dimensions to those observed in nature show that they are sen-
sitive to parameters such as composition and surface charge [37,52,56]. 
Control of these parameters, with respect to cell size, therefore forms an 
important part of managing the structure of the cell through the cell 
cycle. 
The changes to the lipidome in D. quadricauda suggest a stage-by- 
stage change in structure and lipid biosynthesis. It is useful to consider 
this in the context of another model organism that is of particular in-
terest in cell cycle studies that is beginning to be used for structural 
studies, budding yeast. Recent work by Blank et al. showed that phos-
pholipid synthesis peaked late in the cycle of this organism, with the 
abundance of some individual isoforms of PS, PE and PI and even TG 
reaching their apex at the G2/M point [15]. This is in contrast to the alga 
used in the present study, where changes in endogenous phospholipid 
biosynthesis affected whole classes and were observed in a more step-
wise fashion through the cell cycle, with much phospholipid biosyn-
thesis occurring before G2 was reached. This might be explained by the 
difference in the structure of the two cell types and their progress 
through the cell cycle. In the alga, nuclear divisions occur consecutively 
throughout the second half of the cycle and only the final one is followed 
by the three cytokineses, whereas nuclear division and cell budding 
occur simultaneously in the yeast. Furthermore, the prokaryotic chlo-
roplast is entirely absent from yeast, but very important to algae (and 
represents up to 50% of the volume of the cell at times). These 
Fig. 5. The mRNA expression (RT-qPCR), protein abundance (Immunoblotting) 
and activity (kinase activity) of a single cell cycle (CDKB) and three lipid 
metabolism genes during cell cycle. The cell cycle progression is documented by 
schematics above the panels and by the mRNA abundance (orange triangles), 
protein abundance (purple circles) and activity (light blue squares) of a cell 
cycle regulator, CDKB. Abundance of mRNA (orange triangles) and protein 
abundance (purple circles) of ethanolamine phosphate transferase (EPT1), 
phosphatidylglycerol synthase (PGS1) and phosphatidylinositol synthase 
(PIS1). The data from RT-qPCR were normalized against 18S RNA. The data 
from Immunoblotting were normalized to the signal of RuBISCo in the same 
samples. All the data were normalized to the maximum value in the dataset to 
allow for a simple comparison. 
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differences between model organisms imply that the structural needs of 
the two cell types are distinct as they progress towards mitosis and 
cytokinesis and thus are consistent with cell-cycle-linked control of 
phospholipid biosynthesis. 
Another possible explanation is consistent with the ‘sizer’ theory of 
the control of the cell cycle. The peaks of phospholipid biosynthesis in 
both organisms are at the point of the greatest expansion in cell volume. 
Although it is misleading to use cell size as a perfect surrogate for 
phospholipid synthesis, a relationship between the two is easily under-
stood, at least for expansion of the plasma membrane. 
Recent work on fission yeast has begun to show that a gene involved 
managing lipid metabolism is involved the controlling the cell cycle [8]. 
The gene mga2 regulates lipid homeostasis [57] and lipid synthesis [58] 
and when deleted, leads to cells that are unable to correct size deviations 
within individual cell cycles [8]. This may be relevant to the sizer hy-
pothesis about the control of cell division in eukaryotes [9,10] and may 
also apply to D. quadricauda as there is a clear size component to the 
preparation of a cell for multiple fission. Our study shows that individual 
enzymes involved in lipid metabolism are linked to the cell cycle, 
however this work suggests that more general genes governing cell size 
are also involved. The details of the relationship between the expression 
of particular genes involved in lipid metabolism and the cell cycle is 
interesting because it can be used to inform the interpretation of the 
growing though still incomplete understanding of cell-cycle-based lipid 
biosynthesis. 
Jueppener et al. reported a qualitative study of lipids through the cell 
cycle of Chlamydomonas reinhardtii, finding evidence for shifts in the 
lipid profile through that organism’s cell cycle and highlighting the 
cyclical nature of lipid metabolism in that species [59]. Interestingly, 
C. reinhardtii appears to make considerable use of uncharged glyceride 
lipids such as mono-galactosyl diglycerides (MGDGs) and di-galactosyl 
diglycerides (DGDG) [60]. In the present study, we found galactosyl- 
glycerides and others in D. quadricauda that have not been reported in 
this species before (Tables S4–6). 
The evidence for the biosynthesis of lipids at particular points of the 
cell cycle raises questions about the extent of the link between the two. 
One question suitable for further studies is whether there is a particular 
link between the availability of fatty acids and the synthesis of phos-
pholipids. Evidence that particular FAs can favour the synthesis of 
phospholipids is beginning to emerge [61], suggesting a link between de 
novo fatty acid synthesis and progression through the cell cycle. Indeed, 
studies in yeast have provided evidence for a lipase that releases FAs 
from TGs that is linked to progress through the cell cycle [62]. Evidence 
of a formal link between de novo lipogenesis and mitotic exit has also 
begun to be reported [63], as has a relationship between de novo lipo-
genesis and protein synthesis in mitotic cell divisions [64]. 
An understanding of polyunsaturated fatty acid synthesis in algae 
may also be useful for harnessing them for industrial triglyceride syn-
thesis [65,66]. This is attractive as a sustainable source of essential fatty 
acids such as docosahexaenoic acid (DHA) and eicosapentaenoic acid 
(EPA). Evidence for lipid metabolism being linked to progress through 
the cell cycle implies that fatty acid biosynthesis is not directed solely 
towards triglyceride metabolism. Thus, a characterisation of lipid 
metabolism through the cell cycle can be used to inform the preparation 
of industrial cultures in which the balance between progress through the 
cell cycle and accumulation of triglycerides is struck. 
4. Conclusions 
This study was based on the hypothesis that the biosynthesis of 
structural lipids is linked to the cell cycle. Lipid head group (class) 
profiling showed that the lipid fraction is remodelled several times 
through the cell cycle in this organism. A combination of mass spec-
trometry, proteomics and transcriptomics indicated that the most 
abundant phospholipids are not directly connected to one another 
metabolically, but are connected to progress through the cell cycle. This 
has implications not only for our general understanding of the cell cycle, 
but also our understanding of the physical aspects of cell division. It may 
also be useful for informing the design of artificial cells and the use of 
algae for industrial production of triglycerides and characterisation of 
the migration of biomass in food chains through nutrients such as DHA. 
Continuous re-modelling of the lipid fraction through the course of the 
cell cycle implies that lipid metabolism is as important as that of proteins 
and nucleic acids for the success of this process. 
5. Experimental procedures 
5.1. Reagents & chemicals 
Solvents, and fine chemicals were purchased from SigmaAldrich 
(Gillingham, Dorset, UK) except phosSTOP tablets were purchased from 
Roche (Welwyn, Hertfordshire, UK; stored at 4 ◦C). Chemicals for the 
growth medium were purchased from Penta (Chrudim, CZ). 
Fig. 6. General phospholipid metabolism in the 
cytosol and Endoplasmic Reticulum of Chlorella spp. 
and other microalgae [80–83]. Dashed arrows 
represent previously reported conversions, enzyme 
names omitted for clarity. Solid lines represent posi-
tive identification of the appropriate enzyme and 
resulting lipid in the present study. A dotted line with 
a cross indicates a connection that could not be made 
in the present study. Phosphatidylethanolamine N- 
methyltransferase (PEMT) could not be found in this 
organism. CPT1, choline phosphate transferase; 
EPT1, Ethanolamine phosphate transferase; PGS, 
phosphatidylglycerol synthase; PIS, phosphatidyli-
nositol synthase. CDP-DAG, cytidine diphosphate 
diglyceride; CL, cardiolipin; DG, diglyceride; PA, 
phosphatidic acid; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PG, phosphatidylgly-
cerol; PI, phosphatidylinositol; PS, phosphatidylser-
ine; TG, triglyceride.   
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5.2. Cultivation of D. quadricauda 
The experimental organism Desmodesmus quadricauda (Turpin) 
Brébisson (previously known as Scenedesmus quadricauda), strain 
Greifswald/15, was obtained from the Culture Collection of Autotrophic 
Organisms, Institute of Botany (CCALA, Czech Acad. Sci., Třeboň, CZR). 
The synchronous cultures of D. quadricauda were cultivated in flat glass 
photobioreactors (3 L) in liquid mineral medium [67] at 30 ◦C and 
continuous light. The photobioreactors were illuminated from one side 
by fluorescent lamps (Osram DULUX L, 55 W/840, Italy) at a surface 
incident irradiance of 750 μmoL m− 2 s− 1. Cultures were aerated with air 
containing 2% carbon dioxide (v/v). 
Synchronization was done according to reported procedures [26]. 
Briefly, before the start of the experiment, the cells were synchronised 
and then grown for one more whole cell cycle. At the beginning of the 
following light period they were diluted to the initial density (1 × 106 
cells mL− 1). The synchronization itself was carried out by alternating 
light/dark periods (15 h/9 h), the lengths of which were chosen ac-
cording to the growth parameters of the cells. The optimum time for 
turning off the illumination was when the cells started their first pro-
toplast fission. The length of the dark period was chosen to allow all cells 
of the population to release their daughter cells. Under the conditions 
described above, cell division started at about the 15th hour of the cell 
cycle and the cells typically divided into eight daughter cells (Figs. 1, 2). 
5.3. Preparation of dried cell lysates 
The active culture (650 mL) was filtered and the filtrate collected and 
centrifuged (4000 ×g, 5 min). The resulting pellet was resuspended in a 
mixture of chaeotropes (5 mL; thiourea 1⋅5 M and guanidinium chloride 
6 M), phosSTOP (1 tab/sample, dissolved in 1 mL PBS) and 2-butoxy-
phenylboronic acid (BPBA, 2 mg/mL final concentration, ethanolic 
stock solution 100 mg/mL). The suspension (~10 mL) was agitated 
vigorously with glass beads (1 min, air-tight Falcon tube, 50 mL) before 
being frozen in liquid nitrogen and then freeze-dried. The freeze-dried 
material was stored under a nitrogen atmosphere and transported at 
room temperature. 
5.4. Isolation of lipid fraction 
Freeze-dried cell lysate was rehydrated (PBS, 5 mL) with agitation (1 
min) but without sonication. The mixture was frozen (193 K) and freeze- 
dried. The resulting dry, free-flowing powder was resuspended in a 
mixture of dichloromethane (20 mL) and water (20 mL) and diluted with 
sufficient methanol to make a stable uniphasic solution (40–45 mL, 500 
mL separating funnel). The mixture was then made biphasic by addition 
of dichloromethane (20 mL). The dichloromethane solution was sepa-
rated and the aqueous solution washed (dichloromethane, 20 mL). 
Triethylammonium chloride (TEAC) was added to the remaining 
aqueous solution (final concentration of 2 mM, 2 M stock) and the 
aqueous solution washed with dichloromethane (2 × 20 mL). The 
combined organic solutions (~90 mL) were filtered through filter paper 
and concentrated in vacuo before storage of the resulting lipid film under 
nitrogen at − 20 ◦C. 
5.5. Solution phase 31P NMR 
Lipid films were dissolved in the CUBO solvent system [30,31] (450 
μL, 23–26 mg isolate/sample). Data acquisition was similar to published 
work [13,14], but using a Bruker 400 MHz Avance III HD spectrometer 
equipped with a 5 mm BBO S1 (smart) probe operating at 298 K. 31P 
NMR spectra were acquired at 161⋅98 MHz using inverse gated proton 
decoupling, with 2048 scans per sample and a spectral width of 19⋅99 
ppm. An overall recovery delay of 6⋅5 s was used which gave full 
relaxation. Data were processed using line broadening of 2⋅00 Hz prior 
to zero filling to 19,428 points, Fourier transform and automatic 
baseline correction. Spectra were processed and analysed using TopSpin 
3.2. The dcon function was used to deconvolute spectra in order to 
determine the integration of each resonance, in a similar manner to 
previous studies [30,31]. The integration of each resonance was divided 
by the total integration for that spectrum, and assigned according to 
known shifts [14]. The integrations (as fractions of the total for that 
spectrum) were used for statistical calculations (n = 6 spectra). 
5.6. Mass spectrometry of lipids 
Samples were prepared in a similar manner to published methods 
[30,68–70]. Dried lipid fractions (~5 mg) were dissolved (isopropanol/ 
dichloromethane 1:1, 300 μL) for HRMS (via accurate mass LC-MS; 
ThermoFisher Q exactive with Dionex Ultimate 3000 sample handler 
and Waters acquity UPLC BEH C18 with 1⋅7 μm particle size LC column) 
in ES+ mode and run with QCs and blanks. Gradient separation was 
performed at 40 ◦C, analysis time 20 min, flow rate 0⋅4 mL/min. Mobile 
phase A consisted of 0⋅1% formic acid in water at pH 6⋅0, and mobile 
phase B was 55% acetonitrile, 40% isopropanol and 5% water with 0⋅1% 
formic acid. Ions were monitored the range m/z 300 to 2000. The cali-
brated mass accuracy was 1 (ES+) milli mass units and the resolution 
was 140,000 for MS1 and 17,500 for MS2 spectra. Raw data were pro-
cessed using software by Kochen et al. [71] with some additional code 
[14]. Original code for non-standard head groups was written in Matlab 
R2015b. 
Raw high-resolution mass-spectrometry data were processed using 
XCMS (www.bioconductor.org) and Peakpicker v 2.0 [30,69,72]. Lists 
of known species (by m/z) were used, n = 1740 incl. Standards 
[30,69,70,72]. Signals that deviated by more than 5 ppm were ignored, 
and thus assignments were made on the basis of HRMS only. The lipid 
signals obtained were used as binary rather than quantitative measures. 
5.7. Protein extraction 
Whole cell protein extracts were prepared as described previously 
[6,73]. Briefly, samples consisting of 2 × 107 cells were harvested and 
centrifuged, and the pellets washed (SCE buffer [100 mM sodium citrate, 
27 mM EDTA-Na2, pH 7 (citric acid)], 1 mL). The pellets were frozen in 
liquid nitrogen (193 K) and stored at − 70 ◦C. Extracts were subject to 
both Western immunoblotting and a kinase assay. 
5.8. Western immunoblotting 
Protein extracts were mixed with 5 × SDS-PAGE sample buffer (250 
mM Tris-HCl (pH 68), 50% (w/v) glycerol, 10% SDS, 100 mM dithio-
threitol, 0⋅5% (w/v) bromophenol blue), incubated 5 min at 65 ◦C and 
separated by 12% SDS-PAGE [74] in the Mini Protean 3 Apparatus 
(BioRad Laboratories, Hercules, CA, USA). The final concentration of 
proteins was 10 μg per lane. After the separation, proteins were trans-
ferred onto a PVDF membrane (pore size 0.45 mm, Immobilon-P, Mil-
lipore, www.millipore.com) [75] at 1 mA/cm2 for 1⋅5 h. The membrane 
was blocked in 5% (w/v) skimmed dry milk solution in TBS-T buffer (20 
mM Tris pH 7⋅5, 0⋅5 M NaCl, 0⋅05% (v/v) Tween 20), over night at 4 ◦C. 
The proteins of interest were probed with following primary antibodies: 
anti-CDKB1 rabbit antiserum (diluted 1:1000) raised against a 
QDLHRIFPSLDDSGC peptide of C. reinhardtii CDKB1 protein (Genscript, 
www.genescript.com) [73], anti-CYCB rabbit antiserum (diluted 
1:1000) raised against CKYSSTKYNEAAKKP peptide of C. reinhardtii 
cycB protein [76], anti-EPT1 rabbit antiserum (diluted 1:2000) raised 
against a LPAKERAHKQLGQCG peptide of D. quadricauda putative EPT 
protein, anti-PGS1 rabbit antiserum (diluted 1:2000) raised against a 
LGVNREEEDFVSPYC peptide of D. quadricauda predicted PGS protein 
(Genscript, www.genescript.com), and anti-Rubisco goat antiserum 
(diluted 1:3000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 
Secondary antibodies were peroxidase-conjugated goat anti-rabbit IgG 
(A9169 Sigma, www.sigmaaldrich.com) (diluted 1:40000), and 
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peroxidase-conjugated rabbit anti-goat IgG (A5420 Sigma, www. 
sigmaaldrich.com) (diluted 1:40000). Immunoreactive bands were 
detected by chemiluminescence (SuperSignal™ West Dura Extended 
Duration Substrate, Thermo Fisher Scientific, USA, www.thermofisher. 
com) according to the provided protocol and were visualized using a 
luminiscent image reader (ImageQuant LAS4000, GE Healthcare Bio- 
Sciences AB, Uppsala, Sweden). The extent of chemiluminiscence was 
quantified using Image Studio Lite software (LI-COR Biotechnology, 
www.licor.com). To compare between samples and experiments, the 
sum of pixel intensity within the same area was normalized to the 
background pixel intensity to yield pixel intensity values of the signal. 
Each experiment was repeated at least three times and representative 
experimental results are shown. 
5.9. Kinase assay 
The same number of cells from the same volume of culture was used; 
the cultures were not diluted during experiments. The cleared protein 
lysates (see above) were used immediately for the assay or were affinity 
purified by CrCKS1 beads as described [6] and incubated at 4 ◦C for 2 h 
[73]. Histone H1 kinase activity was assayed as previously [77] in a final 
volume of 10 μL with either 7 μL of clear whole cell lysate or CrCKS1 
beads fraction corresponding to 20 μL of whole cell lysate. The reactions 
were started by adding the master mix to a final composition of 20 mM 
HEPES, pH 7⋅5, 15 mM MgCl2, 5 mM EGTA, 1 mM DTT, 0⋅1 mM ATP, 
0⋅2% (w/v) histone (Sigma H5505) and 0.370 MBq [γ 32P] ATP. All re-
actions were incubated for 30 min at room temperature and stopped by 
addition of 5 μL of 5 × SDS sample buffer [250 mM Tris-HCl, pH 6⋅8, 
50% (v/v) glycerol, 10% (w/v) SDS, 100 mM dithiothreitol, 0⋅5% (w/v) 
bromphenol blue], incubated 2 min at 98 ◦C and immediately cooled. 
Proteins were loaded on 15% gels and separated by SDS-PAGE [74]. 
Phosphorylated histone bands were visualized by autoradiography and 
analysed using a phosphoimager (Storm 860, GE Healthcare Bio- 
Sciences AB, Uppsala, Sweden). The extent of phosphorylation was 
quantified as described above. 
5.10. Quantitative real-time polymerase chain reaction 
Cell pellets containing 2 × 107 cells were harvested during the cell 
cycle, re-suspended in a DNA/RNA Shield (cat. no. R1100, Zymor-
esearch, Irvine, CA, USA) and stored at − 20 ◦C. RNA was isolated using a 
Quick RNA plant kit (cat. no. R2024, Zymoresearch, Irvine, CA, USA) 
according to the manufacturer’s instructions including DNase treatment. 
The quality of RNA was verified by gel electrophoresis and only intact 
RNA was used for cDNA synthesis. cDNA synthesis was carried out ac-
cording to previous work [78], except that random hexamers were used 
for amplification. For a list of primers, see Supplementary Table S7. 
Quantitative RT-PCR was performed in a Rotor-Gene RG-3000 (Corbett 
Science) under the following conditions: initial denaturation, 10 min at 
95 ◦C followed by 45 cycles of amplification (20 s at 95 ◦C, 20 s at 60 ◦C, 
30 s at 72 ◦C). Each PCR reaction was performed in technical duplicate, 
differing by less than 5% between each other; the experiments were 
repeated at least three times with RNA isolated from independent cul-
tures. To ensure that no primer-dimers were present, a melting curve 
was followed for each PCR. The results were normalized against 18S 
rRNA [30]. 
5.11. Transcriptomics and transcriptome de novo assembly 
RNA from cells prior to CP (pre-CP), at the time when approximately 
50% of them reached the first CP (CP) and when approximately 50% of 
the cells divided nuclei into two (M) was isolated the same way as for 
RT-qPCR. For each sample, three biological replicates were analysed. 
RNA quality was checked using Agilent Bioanalyzer and only high 
quality RNA was further processed. Libraries were prepared from 1 μg of 
total RNA using NEBNext Ultra™ Directional RNA Library Prep Kit for 
Illumina (New England Biolabs, Ipswich, MA, USA) by poly(A) enrich-
ment and pair-end sequenced using Illumina HiSeq 3000/4000 with 
read length 2 × 150 nt. Raw reads were adapter trimmed using CLC 
Genomics Workbench and reads from all conditions were used for de 
novo RNA assembly using the same software. 
5.12. Lipid gene metabolism identification 
The lipid metabolism genes were identified by BLASTN homology 
based search [79] with protein sequences of Chlamydomonas reinhardtii 
homologues for EPT1, CDP-Ethanolamine:DAG Ethanolamine phos-
photransferase (Cre12.g538450), PGP3, CDP-diacylglycerol-glycerol-3- 
phosphate 3-phosphatidyltransferase / Phosphatidylglycerophosphate 
synthase (Cre03.g162600) and PIS1, Phosphatidylinositol synthase 
(Cre10.g419800) used as baits. The protein sequences identified were 
verified by reciprocal BLAST against Chlamydomonas reinhardtii genome 
ver. 5.5 at Phytozome 12 (https://phytozome.jgi.doe.gov). A single 
homologue for PIS1 and EPT1 was identified, and two homologues of 
PGP3, designated PGS1 and PGS2. 
5.13. Statistical tests 
Univariate statistical tests were done using Excel 2013 or 2016. 
Graphs were produced in OriginLab2018. The integrations of each 
resonance (as a fraction of the total for that spectrum) were used to 
calculate the means, standard deviations and student’s t-tests reported 
for the abundance of lipids. The calculations were based on n = 6 bio-
logical replicates. 
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[76] M. Vítová, J. Hendrychová, M. Čížková, V. Cepák, J.G. Umen, V. Zachleder, 
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